Bacterial sialidases cleave terminal sialic acid from a variety of host glycoproteins, and contribute to survival and growth of many human-dwelling bacterial species, including various pathogens.
INTRODUCTION
Tannerella forsythia is a Gram-negative anaerobic pathogen of the phylum Bacteroidetes, strongly associated with periodontal disease in humans [1] . Recent years have seen great strides forward in knowledge of the physiology and virulence factors of this previously under-studied organism [2] , a fact that was mostly down to its fastidious growth requirements and requirement for inclusion of Nacetyl muramic acid (NAM) in growth media [3] . In particular, our group has shown that, at least in laboratory biofilm conditions, and possibly in vivo, NAM can be replaced by sialic acid as a growth factor for T. forsythia [4, 5] . This ability to utilise sialic acid is dependent on a large sialic acid utilisation and harvesting locus [4, 6, 7] , that are dedicated to the utilisation of freemonosaccharide sialic acid whereas in the human context sialic acid is found in a glyco-conjugated form attached most-often as the terminal moiety on N-or O-linked sialyl-glycoproteins or glycolipids, commonly known as sialoglycans [8] . Thus, unsurprisingly, bacteria have evolved the ability to release free-sialic acid from sialo-glycoproteins using surface-bound and secreted enzymes known as sialidases (or neuraminidases) that are capable of cleaving the 2,3 or 2, 6 linkages that covalently attach sialic acid to underlying glycans [9] [10] [11] . Sialidases are a well conserved group of enzymes with well-studied examples including viral sialidases that are important for virulence, e.g. the neuraminidase of Influenza A viruses [12] . In the oral context, sialic acid is abundant in secretions such as saliva and the fluid located in sub-gingival environments, namely gingival crevicular fluid (GCF) [9] . Several groups of oral bacteria are known to produce sialidases, including several Streptococcus spp., Actinomyces naeslundii, Capnocytophaga spp., Treponema denticola and oral Bacteroidetes such as Porphyromonas gingivalis and Tannerella forsythia [9, 13, 14] . Their importance in virulence of periodontal pathogens is emerging, with mutants of P. gingivalis, T. denticola and T. forsythia that lack sialidases all being less virulent than their parent strains [13] [14] [15] . In addition it has now been shown that sialidase activity is raised in periodontal pockets in periodontitis and that high sialidase activity is indicative of poor prognosis to standard treatment, indicating its importance in clinical disease [16] .
Recent work in our laboratory and others has revealed that T. forsythia produces a large sialidase enzyme (~57.4 kDa) with the ability to cleave sialic acid from the surface of human cells but also the model glycoprotein fetuin alongside more heterogeneous glycans contained within bovine submaxillary mucin and human saliva [15, 17, 18] . However, the exact nature of which physiologically relevant epitopes it might target and detailed biochemical knowledge of its action are not known. In this paper, we have undertaken biochemical studies on the activity of this sialidase, characterised a novel Carbohydrate Binding Module (CBM), investigated its interactions with physiologically relevant ligands (Lewis-type) , and identified the potential role of these ligands on interactions at the host-pathogen interface. 3'-sialyllactose (3-SL) and 6'-sialyllactose (6-SL) sodium salts (Carbosynth) and -lactose monohydrate (Sigma-Aldrich) were added to a final concentration of 10 nM at the beginning of this incubation period. Non-adherent bacteria were then removed by washing with PBS (3x), and the total number of T. forsythia cells associated (invaded and adhered) with host cells was determined by osmotic cell lysis and plated by the Miles-Misra method (5 µL serial dilutions) in triplicate on FA-NAM agar. To determine the number of invaded T. forsythia, cell surface-associated bacteria were killed by exposure to media containing 200 g/mL metronidazole (1 h) before the cells were washed with PBS (3x), before internalised bacteria were released via osmotic shock and enumaerated as before. The number of colonies of T. forsythia invaded and adhered (obtained by subtracting the total associated with the corresponding invaded count) were recorded and presented as means ± S.E.M., expressed as percentages of the number of viable bacterial count in the starting suspension which had been similarly exposed to the aerobic atmosphere and maintained in parallel with the invasion cultures. Statistical analysis was performed using one way ANOVA with
Bonferroni correction for multiple comparisons, in Prism 7 (GraphPad Software), statistical significance inferred with a P-value of <0.05.
Cloning of the NanH Sialidases and Derivatives -The N-terminal region of BFO_2207 (NanH, Purified proteins were dialysed against 50 mM sodium-potassium phosphate, pH 7.4, 200 mM NaCl, concentrated using a MWCO 10,000 Vivaspin column (GE Healthcare) where necessary, and their concentrations determined using the Pierce BCA Protein Assay Kit (Thermo Scientific).
Ligand Binding Studies -The binding characteristics of purified NanH-CBM with candidate substrates were investigated by steady-state tryptophan fluorescence spectroscopy (the CBM possesses one tryptophan residue). Proteins were diluted in 50 mM sodium-potassium phosphate, By monitoring the background fluorescence signal of NanH-YMAP or NanH-CBM to which no substrate was added, it was found that any downward drift was relatively minor when compared with the quenching of fluorescence signal due to a substrate-binding event. Corrections of fluorescence titration data were therefore not deemed to be necessary. Nonlinear regression and curve fitting of titration data were performed in Prism 7 (GraphPad Software), with the equilibrium dissociation constants (K d ) for one site-specific binding calculated using Equation 1,
in which X is the final concentration of ligand, Y is the percentage increase in protein quenching in relative to protein-only fluorescence signal, while B max is the extrapolated maximum specific binding. Fluorescence intensity and exposure time for each image was set manually, and remained constant during for all conditions during each experiment. Fiji image analysis software [22] was used to process all images, with processing parameters (i.e. background fluorescence subtraction) kept constant between all images. In addition to visual examination, the level of SLe X or SLe A in each condition was quantified using the mean pixel intensity of the green channel, normalised to cell number, in three fields of view, in three separate experiments, and expressed as the mean fluorescence ± S.E.M.
RESULTS AND DISCUSSION

NanH is a highly active sialidase with broad pH activity
Sialidases are a phylogenetically broadly distributed group of enzymes that have highly conserved catalytic domains with a characteristic 5-6-blade -propeller structure and are classified as GH33
Glycosyl Hydrolase Carbohydrate Active Enzymes [23] [24] [25] . The sialidase from T. forsythia contains typical sialidase conserved primary sequence motifs, such as the five Asp-boxes (with the sequence Ser/Thr-X-Asp-X-Gly-X-Thr-Trp/Phe, where X represents any amino acid) that are evenly spaced throughout the sialidase structure, the F/YRIP motif and a conserved catalytic arginine triad that often co-ordinates the carboxylate group of sialic acid (Supplementary figures S1 and S2, [24, 26] ). Alignment of the T. forsythia NanH amino acid sequence reveals that its closest homologues are putative sialidases from Parabacteroides distasonis (74 % identical), Parabacteroides gordonii (75 % identical) and Bacteroides fragilis (66 % identical).
Typically, bacterial sialidases function with an acidic pH optimum of around pH 5-6, and a previous study which expressed the T. forsythia NanH in E. coli and analysed its biochemical activity from E. coli cell lysates only observed a pH optimum of pH 5.5 [18] . However, in order to more thoroughly examine the biochemical properties of this enzyme we cloned and expressed a codon-optimised version of the T. forsythia NanH sialidase in E.coli, with a C-terminal hexahistidine-tag. In contrast to previously produced native T. forsythia gene sequence based clones [15, 17] , we were able to produce the enzyme at high levels in a soluble form without the need for complex purification protocols and purified it to high homogeneity (Supplementary figure. S3). In order to determine the activity and specificity profile of this purified recombinant version of NanH, we performed activity assays using the MU-NANA substrate across a range of pH values,
showing that NanH has optimal activity at around pH 5.2-5.6 and is active across a wide range of pH values ( Figure 1A ), still being ~30 % of maximal activity at pH 7.6.
In addition, we assessed the activity of this enzyme in its native context, i.e. in assays using two strains of T. forsythia (ATCC 43037 and 92A.2) in whole cell assays. These were performed in the manner described for purified NanH, except that standardised amounts of bacterial cells were used in place of purified enzyme, and revealed largely similar trends to the NanH data except that the pH optimum was slightly higher, and the activity profile even broader with ~30-40 % of activity maintained even at pH 8 ( Figures 1B and 1C ).
These findings fit well in the context of the subgingival biofilm niche that T. forsythia chiefly inhabits, where studies have detected a link between inflammation and pH of the GCF, i.e. a basic pH was associated with periodontitis progression [27] . However, others have failed to find this association [28] , or that there are wide variations in pH even within a single periodontal pocket [29] .
Differing pH is also seen in the supra-gingival environment, where pH has been shown to vary widely in short spaces of time and space, i.e. after food consumption [30] , in laboratory studies of individual organisms [31] , and mixed species oral biofilms [32, 33] . Ultimately, it is likely that the ability of sialidase to function under a wide variety of pH conditions would enable T. forsythia to more effectively colonise the sub-and supra-gingival plaque biofilms, further supporting our hypothesis that it is highly active in the environmental conditions in which it resides. While the biochemical basis of this phenomenon is unknown it is possible that surface association of NanH on whole bacteria alters the conformation and the local environment of the protein and thus its pH optimum. It is also of note that both the T. forsythia strains 92A.2 and ATCC 43037 displayed this trend for activity over broad pH ranges, indicating it is not just restricted to the type strain. In addition, several periodontal species have an optimum for growth at neutral-basic pH ranges [34, 35] , while several other secreted virulence factors, such as the gingipains of P. gingivalis and the secreted matrix metalloprotease (MMP) karilysin and NanS sialate-O-acetylesterase from T.
forsythia have pH optima around pH 7-8 [36] [37] [38] .
Biochemical study of NanH reveals a broad substrate and linkage preference range
Once we had established the optimal pH for activity, we utilised the same umbelliferyl substrate to establish the Michaelis-Menten kinetics of this enzyme under its optimum acidic pH (pH 5.6), physiological (pH 7.4), and physiological-salt-mimicking conditions, i.e. with 200 mM NaCl ( Figure 2 ). The affinity (K M ) of NanH for MU-NANA at the optimum pH 5.6 condition used in this study was determined to be 21.37 ± 1.24 M, a similar finding to that described by Thompson et al.
[18], who determined the K M from whole crude lysates of E. coli to be 32. (Figure 2 B) , a surprising observation given that 200mM NaCl is mimicks physiological salt concentrations in the body, While the MU-NANA substrate allowed basic biochemical characterisation of NanH, in order to test its activity with more relevant host-like glycans that are likely targeted by NanH at the hostpathogen interface, we employed a modified version of the thiobarbituric acid (TBA) assay to measure the amount of sialic acid released from more complex sialyl-glycans [20, 21] . In this work, we focused on examining its preference for 2,3-or 2,6-linked sialic acid using 3-SL and 6-SL trisaccharides, and SLe A and SLe X (Supplementary figure S4) which are known to be present on epithelial cell surfaces and in salivary and membrane mucins [39, 40] . Colominic acid was also exposed to NanH and TBA assays performed to assess cleavage of 2-8 polysialic acid (present on neuronal cell surfaces), and in this case we detected no sialic acid release (data not shown). This is comparable to previous studies where lysates of E. coli expressing NanH showed no 2-8 polysialic acid cleavage [18] .
Kinetic studies of 2-3 and 2-6-linked sialic acid using the trisaccharides 3-SL and 6-SL revealed that NanH is capable of cleaving 3-and 6-linked sialic acid under physiological-mimicking (Figure 3 C, k cat /K M = 8655 mM/min and 3038 mM/min for 3-SL and 6-SL, respectively). This ability to act on both 2-3-and 2-6-linked sialic acid is shared by the majority of bacterial sialidases present in human mucosal organisms, although many do display a preference for one of the two linkages, with 2-3 more commonly observed as a specificity preference (Table 1 ). In the context of oral bacterial sialidases knowledge of linkage preference is limited, but those that have been characterised display slightly greater activity on 2-3-linked sialic acid which may make sense given high levels of 2-3 sugar in salivary mucins ( Table 1 ).
The activity of NanH against SLe A and SLe X was also assessed ( Figure 3B and C). Both possess 2-3-linked sialic acid, but different linkages between their other constituent sugars (supplementary Figure S4 ). NanH displayed similar affinity and V max for the two epitopes (K M = 1.26 ± 0.24 and 1.07 ± 0.21 mM, V max = 36.11 ± 2.59 and 31.24 ± 2.13 µmol/min/mg NanH for SLe A and SLe X , respectively), and the catalytic efficiency of NanH for the two ligands was also similar (k cat /K M = 1645 and 1675 mM/min for SLeA and SLeX, respectively). Notably, the catalytic efficiency of NanH for the sialyl Lewis ligands was over fourfold less than for 3-SL, despite all three possessing 2-3 linked sialic acid. This highlights the importance of underlying glycan moieties in sialidase activity. While it is difficult to establish Michaelis-Menten kinetics using larger sialoglycans or mixed oligosaccharide solutions, NanH has been shown to cleave sialic acid from bovine submaxillary mucin and fetuin [38] (containing a variety of mucins representing a complex mixture of sialoglycoproteins) and here we show NanH to be capable of cleaving sialic acid from oral cell surfaces ( Figure 7 , supplementary figure S7, discussed below), in line with previous studies [15] . In addition to glycan structure impacting enzyme-substrate interactions, our ongoing unpublished experiments suggest the formation of dimers and tetramers by NanH in solution (data not shown), which may act to increase NanH-ligand avidity. Furthermore, in addition to secreted-extracellular NanH, there is evidence that NanH can be localized to the bacterial cell surface [15] , and clustering of NanH could also occur in this location, further improving avidity. Indeed, differences in clustering between soluble and membrane-associated NanH could explain the variation in NanH activity under different pH conditions (discussed above). Studies with immunogold labelling could be used to investigate clustering of NanH at the surface of T. forsythia, but at present we do not have access to antibodies required for such experiments.
The NanH sialidase putative CBM is a broad specificity lectin domain
While the catalytic domains of bacterial sialidases are relatively well-conserved, with signature motifs, these catalytic domains are often preceded, followed or flanked in the protein structure (and sequence) by domains that may help align the target glycoconjugates via the use of lectin-like domains or carbohydrate binding modules (CBM). One well-known example being that of the sialidase of Vibrio cholerae which contains two lectin-like domains (classified as CBM40) that appear to co-ordinate its cellular ligands [23, 41] . A similar situation might exist in the case of the T.
forsythia NanH sialidase, where a ~160 aa N-terminal extension exists, which homology searches [9] and structural predictions (not shown) show to be distinct from the predicted catalytic -propeller domain. However, BLAST and Pfam database searches of this 'N-terminal domain' do not reveal any homology with other documented lectin domains or CBM modules documented in the CAZy database [25] . We aligned the mature N-terminal domains of several (putative) sialidases from three T. forsythia strains and other closely related Bacteroidetes (Figure 4 ). This revealed significant homology between sialidases from T. forsythia, Bacteroides and Parabacteroides spp.
and indicated that this domain is conserved amongst sialidase from this group of bacteria. Given the incidence of homologues of this domain in a range of predicted sialidases, we hypothesised that it might bind relevant sialyl-conjugate sugars with high affinity. In order to establish this the Nterminal amino acid residues 33-197 of NanH were amplified and cloned from the T. forsythia genome by PCR, ligated into pET21a(+) plasmid vector, expressed recombinantly and purified to homogeneity as an 18-kDa protein (Supplementary figure S5) . The NanH-CBM is a highly soluble domain, with no sialidase activity (as tested using MU-NANA, not shown).
In order to test whether the NanH-CBM is a novel lectin domain protein we performed steady-state tryptophan quenching ligand binding experiments on purified NanH-CBM ( Figure 5 ). NanH-CBM has no apparent affinity for the monomeric form of sialic acid Neu5Ac (or di-O-acetylated Neu5,9Ac, not shown). However, it is capable of binding various oligosaccharide glycans in their sialylated and non-sialylated forms with K d in the M range, indicating that it is a broad specificity CBM. In addition to binding both sialylated and non-sialylated glycans, the finding that NanH-CBM does not bind monomeric sialic acid (Neu5Ac or Neu5,9Ac) is in contrast to previously characterised CBMs from other bacterial sialidases from V. cholerae [41] , Streptococcus pneumoniae [42, 43] , and Clostridium perfringens [44] and represents a clear affinity for oligosaccharide glycoconjugates, possibly representing its role in docking to and orientation into the active site of a broad range of human glycoconjugates that it might encounter in vivo. We therefore believe that the T. forsythia NanH-CBM represents the founding member of a novel CBM family, distinct from those of previously characterised bacterial sialidases.
Mutation of the FRIP domain of NanH abolishes catalytic but not binding activity
In this study, we sought to completely abrogate NanH sialidase activity by mutating the FRIP motif in order to more fully characterise and probe the activity of T. forsythia NanH and its binding to sialylconjugate ligands in the absence of catalytic turnover. To achieve this, we produced a version with the FRIP residues mutated to YMAP (NanH-YMAP), which we consider a conservative mutation strategy given that Y often substitutes for F in this motif in other sialidases while methionine (M) is closer in predicted space-fill to the arginine (R) residue that normally occupies this position, and finally that alanine (A) was considered an appropriate substitution for I, since these two amino acids are similar in mass and hydrophobicity. These substitutions resulted in production of a version of NanH-TF that had no residual sialidase activity when incubated with MU-NANA (Supplementary figure. S6B), while still producing a highly soluble protein at high levels in E. coli (Supplementary figure S6A) . In addition, our group has recently obtained a preliminary crystal structure of both NanH-TF and NanH-YMAP, and there are no broad structural changes resulting from this substitution (not shown, manuscript in preparation).
To test whether this mutant still bound ligand successfully (a proxy indicator of folding) and that the inactivity was due solely to the mutation made and not an inability to co-ordinate or bind ligand, we again tested binding via a tryptophan quenching strategy. As shown in Figure 6 , NanH-YMAP still binds 3-SL and 6-SL, with higher affinity (lower K d ) for 3-SL than 6-SL, a trend implied from the K M data for NanH (albeit representing substrate turnover rather than ligand binding per se). We acknowledge that this data does not discriminate between binding at the active site or in the putative CBM, however, we do not observe sigmoidal binding or activity curves, while the Hill equation
does not indicate any evidence for cooperativity (not shown). When we performed binding experiments with wild-type NanH (Fig. S8) we saw similarly higher affinity binding with the full protein (K d for 3-SL (152 mM) and 6-SL (418 mM)) than the CBM, although the data are harder to interpret given the mixture of cleaved and uncleaved ligand likely to be present in experiments with active enzyme, especially in the case of 6-SL where turnover is lower. One outcome of this experiment is that we see 2-fold higher affinity in binding experiments for 3-SL and 6-SL for the YMAP mutant (and wild-type enzyme) than the CBM alone, suggesting that the alignment of the CBM within the mature enzyme increases its avidity for oligosaccharide ligands. These experiments build on previous work highlighting the importance of the F/YRIP motif in catalytic function of the Clostridium perfringens sialidase [45] , where arginine was mutated to isoleucine, resulting in reduction in enzyme activity with 3-SL by tenfold. Overall we have not only confirmed the role of the FRIP motif in NanH catalysis, but also revealed that the binding activity of the CBM is enhanced by its association with its cognate catalytic domain.
NanH targets Sialyl Lewis antigens on the surface of oral epithelial cells
In previous work we had illustrated the ability of NanH to release sialic acid from fetuin [17] , while Honma et al. [15] , illustrated cleavage of 2,3-linked sialic acid from the surface of gingival epithelial cells. In order to further characterise this enzyme activity, we re-confirmed this cleavage of 2,3-sialic acid from epithelial cells but also 2,6-linked sialic acid as detected with SNA and MAA lectins (Supplementary figure S7) . However, to further investigate the previously unobserved activity against SLe antigens, we used SLe A -and SLe X -specific antibodies to probe the ability of NanH to act on these antigens in their native context, i.e. on oral epithelial cell surfaces.
These experiments revealed that NanH was able to reduce levels of SLe A and SLe X at the surface of oral epithelial cells, both by qualitative observation but also by quantifying fluorescence of cells treated with NanH, in three separate experiments ( Figure 7 ). In these experiments, NanH reduced staining of cell surface SLe A and SLe X from 3.51 to 1.17 MFI/cell (P = 0.008), and 3.26 to 1.03
MFI/cell (P = 0.002). Thus, in addition to highlighting NanH targeting of 2,3-and 2,6-linked sialic acid on the surface of oral epithelial cells, we have also set this ability in the context of larger glycan structures that might be targeted by this enzyme -and T. forsythia itself -during its interactions with human cells in the oral cavity. These experiments extend the observations of CBM binding and enzyme kinetics by proving that NanH acts upon complex human cell surface glycans and build upon our previous work showing cleavage of salivary glycans [17] .
Exogenous Lewis Sugars Influence T. forsythia interactions with human cells
Since we had shown both an interaction of the CBM with Lewis antigens and the ability of NanH to cleave sialic acid from the surface of epithelial cell bound SLe A/X , we now aimed to investigate whether SLe antigens were a potential in vivo ligand for T. forsythia during infections. To achieve this, we set up monolayer epithelial cell interaction studies where the oral epithelial cell line H357-previously established as a model for bacteria-host cell association [19, 46] , was challenged with live T. forsythia in the presence and absence of sialylated-and non-sialylated-Lewis antigens (all at 10 nM). We observed a striking reduction in association, attachment, and invasion of T. forsythia respectively, with the sialylated versions having the greatest impact. Importantly, the total number of associated (the sum of both attached and invaded) bacteria was consistently reduced in the presence of all ligands tested, and again, the sialylated versions had the greatest impact. Perhaps, surprisingly, the amount of attached bacteria (indicating adherence) was not so clearly affected; however, this is more difficult to interpret given that strong interaction may well result in internalisation of bacteria whereas weakly or non-productive interactions may result in bacteria remaining surface associated but not internalised. Between the two sialylated-Lewis ligands, SLe X is perhaps the most well studied isomer, known for its role in neutrophil migration, where it is expressed on the surface of neutrophils and binds E-selectin present on endothelial cells, enabling crawling motility and neutrophil migration across the endothelium into target tissues [47] .
However, the role of E-selectin in this particular interaction is unlikely given its predominantly endothelial localisation and given that knowledge of its expression on normal epithelial cells is a subject of debate [48, 49] . In the oral context, SLe A/X have been the focus of study due to changes in their levels of expression during oral cancer [50, 51] , making this association with periodontal bacteria intriguing in the context of oral cancer exacerbation. Indeed, it would be interesting to repeat our experiments on primary normal cells, although it is likely that results would be similar given the finding by Honma et al., that sialic acid is important for invasion of and survival within normal oral keratinocytes [7, 15] .
In addition to cell surfaces, the sialylated and non-sialylated Lewis isomers are known to be present in secreted glycoproteins, including salivary mucins [52, 53] . Considering the apparent abundance of SLe A/X in the oral cavity, it is logical that T. forsythia NanH would have evolved with the capability of targeting these and other ligands.
Taken overall, these data indicate that SLe antigens are important in host-pathogen interactions of T.
forsythia, while these data open the possibility that glycan mimics could act as a method to prevent bacterial infections in the context of periodontal disease, but also for other pathogens that rely on sialylated surface antigens for cell-surface interactions during infection. One area where antiinfective and anti-inflammatory properties of sialylated oligosaccharide glycans has been postulated is their presence in human milk, as Human Milk Oligosaccharides (HMOs) where their beneficial influence on gut health via anti-inflammatory and anti-infective properties against gastro-intestinal pathogens has been revealed [54] [55] [56] .
CONCLUSION
In this paper, we set out to further investigate the role of sialidase in the pathogenicity of T.
forsythia, examining and confirming the role of a novel CBM whose avidity for a broad range of oligosaccharides is enhanced by its partner catalytic domain. We believe that this domain, represents a potentially new subfamily of CBM's, distinct from that of the V. cholerae sialidase CBM40 domain, the founding member of the only other sialic acid related CBM subfamily [25] .
We also establish the role of Lewis antigens (SLe A and SLe X ) both as catalytic substrates and ligands for the NanH-CBM, and also as key ligands for host-pathogen interactions during cellular invasion. This raises the possibility that free oligosaccharides or synthetic analogues could prove useful as antimicrobial agents that prevent invasion of bacteria into cells. These may be useful in conjunction with current sialidase inhibitors (e.g. Tamiflu / oseltamivir, and Relenza / zanamivir) that function by competitive inhibition of the active site. One other approach may be inhibitors that bind bacterial CBMs directly, a possibility we are currently investigating in studies using compound libraries and structure-based approaches.
In addition, given the apparent importance of sialidases in the biology of periodontal and other pathogenic organisms, e.g. V. cholerae and S. pneumoniae [57] [58] [59] we suggest that an approach targeting sialometabolism (via sialidases) may have broad applicability for a range of infections at mucosal interfaces. It is also true that periodontal disease is polymicrobial in nature, characterised by a dysbiosis where certain pathogens occur in higher numbers and possess community attributes that cause disease. Among these attributes one can almost certainly consider sialidase activity,
given increased sialidase activity in periodontal communities and nanH gene transcription in vivo [16, 60] . This raises the novel possibility that targeting sialidase activity as well as its ligand-binding ability, might be an aspect of the bacterial community worth manipulating to move away from or prevent dysbiosis, improving disease outcomes or preventing the onset of this common condition. MultAlin and ESPript, and to establish similarity between aligned residues, percentage equivalence with a global score of 0.7 was used. Aligned sequences above the percentage equivalent threshold are framed in blue, and aligned residues above this threshold are shown in red. Strictly conserved residues are shown in white on a red background. Alignment of the sialidase-CBMs from three T. . Affinity of NanH-YMAP for 3-and 6-sialyllactose. NanH-YMAP was exposed to 3-or 6-SL at different concentrations, after which the quenching of intrinsic tryptophan fluorescence was measured using a fluorescence spectrometer, at excitation 2λ5 nm, emissions from 300-380 nm, with changes to fluorescence expressed relative to the no substrate condition. Data represent the mean of one experiment, where each condition was repeated three times. Statistical difference between the two data sets was assessed using an extra sum of squares F-test in GraphPad Prism, and the two datasets were found to be statistically different (i.e. applying a single curve to the two datasets is not the preferred model, P = 0.002). Table 1 . Sialic acid-linkage preferences of sialidases from bacteria associated with different mucosal sites. P. multocida is a respiratory pathogen of cattle, and can cause wound infections in humans. *Not all S. mitis isolates possess sialidase activity, and the ability to target both sialic acid linkages is unknown, but presumably both 2-3 and 2-6 linkages can be targeted, as inferred by its homology with NanA from other Streptococci.
